Objective-Inflammation plays an important role in atherosclerosis. One of the most potent pro-inflammatory cytokines is tumor necrosis factor-␣ (TNF-␣), a cytokine identified to have a pathogenic role in chronic inflammatory diseases such as rheumatoid arthritis (RA). The aim of the study was to evaluate the importance of TNF-␣ in atherogenesis. Methods and Results-Mice deficient in both apolipoprotein E (apoE) and TNF-␣ were compared regarding their atherosclerotic burden. Mice were fed a Western-style diet (WD) or normal chow. Mice deficient in both apoE and TNF-␣ exhibited a 50% (Pϭ0.035) reduction of relative lesion size after 10 weeks of WD. Bone marrow transplantation of apoE o mice with apoE o tnf-␣ o bone marrow resulted in a 83% (Pϭ0.021) reduction after 25 weeks on WD. In apoE knockout mice treated with recombinant soluble TNF receptor I releasing pellets, there was a reduction in relative lesion size after 25 weeks of 75% (Pϭ0.018).
T umor necrosis factor-␣ (TNF-␣) participates in the direction of the inflammatory response and influences the balance of blood lipid composition. 1,2 TNF-␣ is involved in practically every step of inflammation from initiation to downregulation 3 and each characteristic lesion of atherosclerosis represents a different stage of a chronic inflammatory process in the artery. 4 By being a potent stimulator of several of the matrix metalloproteinases 5, 6 and of plasminogen activator inhibitor-1, 7 it has been identified as a player in several of the complications of atherosclerosis. TNF-␣ has 2 identified receptors (TNF-RI and TNF-RII), which both exist in transmembranous and soluble forms. The receptors are shared by lymphotoxin-␣ (LT-␣). 8 Although TNF-␣ is mainly synthesized by macrophages, several other cells synthesize it as well. LT-␣, however, is a cytokine primarily secreted by T cells. In contrast to TNF-␣, LT-␣ only exist transiently in membrane-bound form. 9 The interplay between the ligands and their receptors are only vaguely sketched but there seems to be a regulatory balance in the ratio between them.
Although inflammation is a natural defense mechanism against toxic compounds such as oxidized proteins and lipids, it presents a major hazard to individuals inflicted by inflammatory diseases such as rheumatoid arthritis (RA) and Crohn's bowel disease (CBD). Interestingly, patients with RA have increased morbidity and mortality in atherosclerotic complications. 10, 11 The specific TNF-␣ inhibitor, infliximab, as well as the combined TNF-␣ and LT-␣ inhibitor, etanercept, have been shown to be efficient in the treatment of RA. 12 In contrast, CBD patients are helped only by the specific TNF-␣ inhibitor infliximab. 13, 14 Apparently, there are different roles in different diseases for these ligands, despite the shared receptor population.
We have studied apoE/tnf-␣ knockout mice compared with apoE o mice with regard to plaque forming ability in response to Western-style diet (WD). The impact of loss of TNF-␣ synthesized by the inflammatory system was studied by bone marrow (BM) transplantation. BM was transplanted from apoE o /tnf-␣ o to lethally irradiated apoE o mice. To study the effect of pharmacological inhibition of TNF-␣, animals were treated with a subcutaneous pellet containing soluble TNF-RI.
The apoE knockout mouse has high levels of plasma cholesterol as a result of impaired clearance of cholesterolenriched lipoproteins, and it develops complex atherosclerotic lesions throughout the arterial tree. 15 The TNF-␣-deficient mice lack splenic primary B-follicles and cannot form organized follicular dendritic cell networks and germi-nal centers. Their responses to infection and toxins are altered, as well as their hypersensitivity reactions. 16 The combined apoE/tnf-␣ knockout is viable and fertile and can be bred in normal animal housing. 
Methods

Animals and Diet
Tissue Harvesting
A flat preparation was performed as previously described. 17 Briefly, the aorta was dissected, adventitial fat carefully removed, and a longitudinal cut made along the full length of the abdominal and thoracic aorta, which was mounted en face. The heart and aortic arch were also carefully dissected and sectioned from the aortic origin to the branching of the left carotid artery. The novelty of the procedure used is that mouse aortas are mounted on a transparent support where they are accessible for direct microscopical observation. The illumination of the vessel wall allows, in contrast to previous methods, an unequivocal distinction between fatty lesions and adventitial fat. 17 The flat preps and the first slide in each series of the sections were stained with Oil Red O (CI 26125; solvent red 27; SIGMA Chemicals).
Knockout Study
The mice were weaned at the age of 4 weeks and put on WD (21% cocoa butter, 0.15% cholesterol; Analycen, Sweden). After 10 weeks, the mice were euthanized (apoE o , nϭ11; apoE o /tnf-␣ o , nϭ8). A smaller number of animals were kept for 40 weeks on WD before being euthanized.
Chimeric Soluble Receptor
A subcutaneously implanted pellet delivered a fusion protein between murine sTNF-RI and human IgG Fc (R&D Systems Europe Ltd). The formula of the receptor delivery pellets was tested for 2 different amounts of recombinant murine sTNF-RI/Fc chimera (R&D Systems Europe Ltd). The pellet composition (ethylene-vinyl copolymer, albumin, and sodium phosphate buffer) was based on a previous publication by Eliaz et al. 18 The receptors were mixed into the carrier: 20% albumin, 3.75 or 33.3% albumin, 7.5 mg. Release profiles were obtained by agitating the pellets in vials of phosphatebuffered saline on a shaker. An enzyme-linked immunosorbent assay test recognizing murine sTNF-RI (Quantikine M, R&D Systems Europe Ltd) was performed on the suspensions to test the amount released at different time points: 0, 2, 4, 7, 14, 21, and 28 days.
Pellet Implantation
The mice receiving sTNF-RI pellet were male apoE o mice on a C57BL/6J background. The mice were fed normal chow. Each mouse got a pellet implanted subcutaneously in the abdomen at 7 weeks of age. The implantation was performed under fentanyl (0.315 mg/mL)/fluanison (10 mg/mL) (Janssen-Cilag AB) midazolam (5 mg/mL) (Hoffmann-La Roche Ltd) anesthesia. Fentanyl/fluanison was mixed with sterile water 1:1, as was midazolam; the 2 mixtures were combined in equal amounts and administered intraperitoneally, 0.2 mL/20 g bodyweight. The study comprised 3 groups, with each group receiving a specific pellet. Group 1 received placebo, pellet without fusion protein (nϭ7). Group 2 received 10 g fusion protein in pellet (nϭ4). Group 3 received 20 g fusion protein in pellet (nϭ5). After 25 weeks, the animals were euthanized and the heart and aorta were perfusion fixed with Histochoise (Amresco), mounted en face and eventually stained with oil red O (CI 26125; solvent red 27). with added 100 U/mL penicillin (Invitrogen Ltd) and 100 g/mL streptomycin (Invitrogen Ltd), 0.25 g/mL amphotericin B (Invitrogen Ltd), 20% fetal calf serum and 2 mmol/L L-glutamate (Invitrogen Ltd). The cells were treated with 0.2% NaCl to lyse erythrocytes. Remaining cells were washed in phosphate-buffered saline, centrifuged, and dissolved in the described medium. Female apoE-deficient mice were exposed to a single dose of 9 Gy on the day of the transplantation. Irradiated recipients received 0.5ϫ10 6 BM cells by intravenous tail vein injection. One day before and 1 week after the BM transplantation, the recipient mice were given 2 mg/mL neomycin sulfate (Sigma-Aldrich) in acidified drinking water.
BM Transplantation
Polymerase Chain Reaction
, and wild-type mice were identified in three-primer polymerase chain reactions (Table I , available online at http://atvb.ahajournals.org). DNA was extracted from tail tips as previously described by Talts et al. 19 Polymerase chain reaction was also used to identify successful BM transplantations. Whole blood was collected at the time of euthanization. Blood cells were pelleted and stored at Ϫ80°C until analysis. The pellets were lysed in equal volumes of buffer (10 mmol/L Tris, pH 8, 1.5 mmol/L MgCl 2 , 1% Tween-20), and 400 mg/mL proteinase K was added for digestion. Proteinase K was inactivated, debris pelleted, and DNA precipitated from the supernatant. A 310-bp band and a 290-bp band were amplified for the X-chromosome and Y-chromosome, respectively. 20 
Morphometric Analysis
Morphometric analysis was performed using computer-aided analysis software. The slides were photographed with an Olympus U-TU1X-2 camera connected to an Olympus CX41 microscope and a computer. The vessel structures (plaques, vessel area) were traced and areas calculated in Imageproplus (Media Cybernetics Inc).
Determination of Plasma Lipid Profile
Mice were fasted overnight, and blood was collected under anesthesia (Isoflurane; Abbott Scandinavia AB) by retro-orbital vein puncture. The lipid profile included total cholesterol (TC), triglycerides (TG), and lipoprotein profile as lipid in low-density lipoprotein plus very-low-density lipoprotein, high-density lipoprotein, and free fatty acid. TC and TGs were measured in enzymatic colorimetric assays (Sigma-Aldrich Company Ltd), whereas the lipoproteins were separated on an alkaline-buffered agarose gel and stained with Sudan black (SEBIA). The electrograms were scanned and the bands quantified by computer-aided analysis software Quantity One (BioRad Laboratories AB).
Immunohistochemistry
To identify monocyte/macrophage infiltration, the rat-antimurine monocyte/macrophage antibody (MOMA-2 antibody; BMA Biomedicals) was used at the dilution 1:1000. 
Statistics
In normally distributed material, Student 2-tailed t test was used and results reported as meanϮstandard deviation (SD). When the material was skewed, Mann-Whitney rank sum test was performed and results reported as median followed by the mid-interquartile range withing parentheses: median (25%; 50%). PϽ0.05 was considered significant. All the calculations were performed with SigmaStat 2.03 (SPSS Inc) and graphs were made in SigmaPlot 2001 (SPSS Inc).
Results
Lipid Parameters
TC and TG values were normally distributed in all groups. No significant differences were detected with Student t test at either time point for TG or TC. Nor did the lipid profiles of high-density lipoprotein, very-low-density lipoprotein, lowdensity lipoprotein, or free fatty acids differ between groups (Table 1) . Although there were no statistical differences in TC values between groups, the levels tended to be higher in the TNF-␣-depleted mice at 10 weeks ( 
Release Profile of Chimeric sTNF-RI/Human IgG:Fc Pellets
TNF-␣ and LT-␣ share receptors. To signal, a homotrimeric TNF-␣ protein cross-binds at least 2 cell surface receptors. The receptor chimera used in this experiment is dimeric and thus competes strongly with the endogenous monomeric receptors. The murine-soluble TNR-RI is fused to the Fc fragment of human IgG. This construction conveys a longer half-life to the molecule compared with its natural equivalent. 21 Pellets with different chimera concentrations were tested for their ability to release active substance to the environment and the formula was approved ( Figure I , available online at http://atvb. ahajournals.org). Mice, 7 weeks old, were given either a placebo pellet or a pellet with 10 or 20 g of the chimeric sTNF-RI. The mice were euthanized at age 32 weeks and aortas were harvested. The mice were given ordinary chow throughout the experiment. The mice treated with a 20-g pellet showed significantly lesser lesion size than mice treated with control pellet. The group that received the 20-g TNF-RI pellet had a lesion area of 0.80% (0.60; 1.62), whereas the mice given a placebo pellet had a lesion area of 3.20% (1.85; 15.5); Pϭ0.018 (Figure 2) 
Atherosclerotic Burden in Aortas
Discussion
Inflammation is a natural defense mechanism against toxic compounds such as oxidized proteins and lipids. It has a well-recognized role in the development of atherosclerotic lesions. 4, 22 The consequences of inflammation in atherosclerosis are difficult to predict. Although it may be beneficial at early stages, with properties reversing atherogenesis, it may be detrimental to the individual with more aggressive disease progression and plaque rupture at a later stage. Markers of inflammation such as C-reactive protein and TNF-␣ have been associated with an increased risk for cardiovascular events in several clinical studies. 2, 23, 24 TNF-␣ is a key cytokine in the recruitment and in the activation of inflammatory cells. Further, it promotes matrix degradation, 5, 6 thus facilitating influx of inflammatory cells to the vessel wall.
This study was performed to test the hypothesis that TNF-␣ has a central role in atherogenesis, which would make it a promising target for future therapies. In fact, TNF intervention has already been proven beneficial in combating other inflammatory disorders such as RA and CBD. This is especially interesting in RA patients because they have increased cardiovascular morbidity and mortality. 10, 11 Patients affected by RA experience relief from a TNF-␣ antibody (infliximab) or a recombinant TNF receptor (etanercept) alike, whereas in CBD patients only the TNF-␣ antibody inhibits disease development. [12] [13] [14] [25] [26] [27] Our apoE o / tnf-␣ o model follows a similar strategy to infliximab-a selective inhibition of TNF-␣-and our pharmacological inhibition mimics etanercept by being a sTNF-R, which blocks both TNF-␣ and LT-␣. The inhibitory effect of treatment with recombinant sTNF-RI implies that TNF-␣ plays an important role in disease development. Both experimental settings show a distinct inhibition of the atherosclerotic process. TNF-␣ is a cytokine with a prominent effect on lipoprotein lipase activity. 1 No significant differences were seen between TNF-␣-competent and TNF-␣-deficient animals in lipid parameters. This may be because of the hypertriglyceridemia of the apoE knockout mice that most likely overrides the expected triglyceridemia from loss of lipoprotein lipase inhibition by physiological levels of TNF-␣. TC values were nonsignificantly higher in TNF-␣-depleted groups, which, if anything, means that the loss of TNF-␣ counteracts the pro-atherogenicity of high TC values. This suggests that the retardation of atherosclerosis is not secondary to lipid-dependent mechanisms. The mice that underwent BM transplantation generally had lower TG and TC values than did mice in the other experiments. We have previously noted that mice that underwent BM transplantation tended to have lower TC and TG values than nontransplanted mice (unpublished data). Van Eck et al 28 have also reported lowered TGs for up to 10 weeks after transplantation. The effect of TNF-␣ depletion in animals undergoing BM transplantation is, even with the lower TG values, as pronounced as in the mice that did not undergo BM transplantation. This further strengthens the view that TNF-␣ has an atherogenic effect, which is not secondary to lipid levels. The mice undergoing BM transplantation received a WD, and normal chow would have resulted in even lower lipid levels.
At 10 weeks, atherosclerotic mice that are deficient in TNF-␣ have a lesser lesion area than their TNF-␣-competent peers do. This trend was also seen in mice kept on WD diet for 40 weeks before being euthanized. The same was true for the apoE o mice with implanted sTNF-RI pellets. Finally, the depletion of TNF-␣ in BM cells gives a similar reduction in atherogenesis. The data from these different experimental setups all show that TNF-␣ depletion or inhibition retard atherosclerotic development. This further strengthens the argument that TNF-␣ inhibition is therapeutic regarding inhibition of atherosclerosis. These results oppose a report from 2001, which states that TNF-␣ has no bearing on the development of atherosclerosis. In that report, Schreyer et al 29 studied atherogenesis in female TNF-␣-deficient mice on a C57BL/6J background, a model which develops atherosclerosis only in the valvular plane and only after an atherogenic diet containing cholate. In those mice, a depletion of TNF-␣ did not retard aortic sinus lesions in contrast to LT-␣-deficient mice. Because of the differences between models, the findings are not easily comparable. However, Canault et al 30 have, in a model similar to the model used by Schreyer, shown an almost complete retardation of aortic sinus lesion development in tnf-␣ o mice on C57BL/6J background and atherogenic diet. Moreover, Canault et al added a mouse model, which, by mutation of the TNF-␣ membrane linker sequence, only expressed membrane-bound TNF-␣. They established that the mice expressing only membrane-bound TNF-␣ had a lesser atherosclerotic burden than wild-type mice, but more than that of the tnf-␣ 0 mice. Atherosclerotic propagation is traditionally followed either by studying serial sections of the aortic root 31 or by measuring plaque areas in aortas pinned to a black wax background. 32 Our procedure differs in that it is a microscopically aided version that facilitates the distinction between fatty lesions and adventitial fat (online Figure II) . 17 During the early stages of atherosclerosis, recruitment of inflammatory cells plays a central role. However, in our mice the monocyte/macrophage-staining MOMA-2 antibody and the mononuclear adhesion molecule VCAM-1 did not suggest a difference in the recruitment of monocyte/macrophages between TNF-␣-deficient and TNF-␣-competent animals. The observed reduction in lesion size might be explained by an attenuation of TNF-␣-induced monocyte/macrophage activation and/or differentiation. The sTNF-RI used in our experiments inhibits both TNF-␣ and LT-␣. We fed these mice normal chow to be able to study the atherosclerotic process with a more diverse set of lesions, fatty lesions as well as intermediate and fibrous, than if fed WD. 15 Animals treated with this receptor also showed a slower progression of atherosclerosis compared with the placebo-treated animals. T lymphocytes are the major sources of LT-␣. 33 When the pellet releases sTNF-RI, LT-␣ is inhibited. In response, the atheroma might raise its T-cell and or B-cell populations to restore levels of LT-␣. This reasoning was strengthened in the animals treated with pellets containing the highest dosage of sTNF-RI, which did exhibit significantly more T-cells relative to lesion size than the control group. Over time, B-cell presence in the plaques decreased in apoE o /tnf-␣ o and apoE o mice, suggesting that local effects of B cells do not explain the difference in plaque progression. Although the results from the knockout study are dependent on a loss of TNF-␣, the pellet substudy relies on a combined inhibition of TNF-␣ and LT-␣. The BM transplantation study reveals the importance of TNF-␣ derived from the hematopoietic system. In summary, our findings indicate that TNF-␣ depletion and combined LT-␣/TNF-␣ inhibition do retard atherosclerotic development. With the exception of animals treated with the highest dose of sTNF-RI, the proportion of cell populations is, however, unchanged between different groups, indicating a proportional decrease in plaque composition in mice deficient in TNF-␣ or treated with combined anti-TNF-␣/anti-LT-␣ pellets. BM transplantation shows that TNF-␣ derived from hematopoietic cells contributes significantly to atherogenesis. These findings urge further studies to unravel mechanisms in more detail. TNF antagonizing therapies may be interesting candidates for clinical studies in patients with aggressive atherosclerosis, especially those with comorbidity in RA. Figure I . Pellet release. The release properties of pellets containing a sTNF-RI chimera was tested. This graph shows cumulative release properties containing 3.75 and 7.5 µg substance and illustrates that the pellets continously releases sTNF-RI to its environment from four independent experiments.
Figure II. Panel A shows part of a typical apoE-null flat prep at ten weeks and panel B illustrates the appearance of a typical apoE-null/ TNF-α-null flat prep at ten weeks. The filled arrows point at densely stained lesions, whereas the dashed arrows point at the more lightly stained adventital fat. Scalebar equals 500 µm. 
